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ABSTRACT 


The rscoHD quarter of this program is coffCERUEn with 

THE DETERMI HATIOH OF THE FIRING CYCLE IN A HORIZONTAL 
TUBE FURNACE FOR MoO^: Sn INK COMPOSITION APPLIED BY 
SILK SCREENING PROCESS ON P ON N STRUCTURED SOLAR CELLS, 

In COMPARISON WITH THE STRIP HEATER USED IN THE FIRST 
QUARTER TO DETERMINE THE REACTION MECHANISM, THE REDUC-^ 
TION OF MoOr^ IN THE TUBE FURNACE PROGRESSES AT A MUCH 

o 

FASTER RATE AND THE Sn:Ho ALLOY FORMS AT A MUCH LOWER 
TEMPERATURE, 

The device characteristics determined by the K-I curve 
SHOWED A high RESISTANCE (aPPROX, 10 OhMs) AT PEAK 
TEMPERATURES BETWEEN 600° C AND 800°C, 

The high series resistance can be attributed to the 

LACK OF FORMATION OF H0S12 WITHIN THE USED TEMPERA- 
TURE RANGE AS POINTED OUT IN REFERENCES TO THEORETICAL 
AND EX'^ERIMENTAL WORK CONCERNED WITH THE FORMATION OF 
METAL SUICIDES , 

According to these references this temperature range 
IS right for the formation of silicide of titanium^ 
WHICH, besides having a lower resistance value, fokms 

IN THE PRESENCE OF AN OXIDIZED SILICON SURFACE, 
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Therefor the basic P!oO^ iuk cohpositioh was modified 

BY AH ADDITIOlf OF TITAHIUJ1 RESIVATE CORRESPOHDIJVG TO 
A TITAHIUM COHCENTRATIOH OF 1-15000 BASED OH THE 
SOLIDS IH THE MIXTURE, 

The additioh of titahxum decreased indeed the series 

RESISTANCE TO THE LEVEL OF 1 OhM OR BETTER AND THE 
DEVICE CHARACTERISTICS WERE COMPARABLE WITH THE 
DEVICES METALLIZED BY ELECTROLESS NICKEL AND SILK 
S GREENED SIL VER . 
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INmODUCTIM 


Onnic CONTACT to silicon photovoltaic cells 

FORMED BY Ho:Sn SYSTEM WAS EVALUATED FOR MECHANICAL 
AND SLEBTRICAL QUALITY AFTER FIRING IN A HORIZONTAL 
TUBE FURNACE AT VARIOUS TEMPERATURES, 

This step was chosen to similate firing conditions 

IN A CONVEYOR BELT FURNACE, 

The ink prepared from MoQ^:Sn mixture, dispersed in 

AN organic binder AND SOLVENTS, WAS APPLIED THROUGH 
SILK SCREENS ON BOTH SIDES OF THE CELL AND, AFTER 
BURN-OFF OF THE ORGANIC MATERIAL, THE FIRING WAS 
DONE IN A FORMING GAS ATMOS i'HERE , 

The metallization was evaluated by solder tests and 

V-I CHARACTERISTICS OF THE SOLAR CELL, 

The ink was mooified by addition of titanium to lower 

THE SERIES RESISTANCE, 
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ACCOMPLISHMENTS. 


11,1 FORliULATIOW OF A SCRFEVAaLF ItfK FROM 

MoO^:Sn mixture-. 

Materials used: 

Tin powder (Cominco d ROIC) 525 mesn-99 ,999% 

PURITY, 

Trichloro ethylene (Los Angeles Chemical Co,) 
Ethyl cellulose (Dow Chemical Co,) 

Carbitol solvent and 

Carbitol Acetate (Orange County Chemical Co, 
Molybdenum Trioxide (Mallinckrodt) 


MoO^ AND Sn were mixed in a ratio of 78% Sn and 
22% M 0 O 3 , 

IQ GRAMS OF THE MIXTURE WERE USED FOR THE FORMU-- 
LATION OF THE INITIAL INK COMPOSITION, 

2,2 grams of MoO^ and 7,6 grams of Sn were dry 

MIXED IN A (QUARTZ MORTAR, 

The vehicle for the ink consisted of 75% tri~ 
CHLORO ETHYLENE, 15% ETHYL CELLULOSE, 6 % 

CARBITOL SOLVENT AND 2% CARBITOL ACETATE, ALL 
AMOUNTS ARE IN WEIGHT PERCENTAGES, 

10 GRAMS OF the Mo0^:Sn mix were BLENDED WITH 
5 GRAMS OF THE VEHICLE AND HOMOGENIZED ON A 
GLASS PLATE WITH A SPATULA, 
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The schebhihg test vas oohe using a 200 hesh 

SCREEN, 

11,2 SeT~‘UP and calibration of the tube furnace for 

INK FIRING^ 

A HEAVY DUTY S-ZONE DIFFUSION FURNACE WITH 
J" 1,D, qUARTZ TUBE WAS USED FOR THIS PURPOSE, 

The initial peak tenperature was set at 600^0, 

The profile of the furnace was neasured by a 
GhROHEL-AlUMEL thermocouple in ORDER TO ESTABLISH 
THE temperature ZONES CRITICAL FOR FIRING THE 
MoO^:Sn MIXTURES, 

Nitrogen and forming gas (60%N“40%H) were connect 

TED THROUGH A COMMON FLOWMETER TO ONE END OF THE 
TUBE, 

The experiments were done with M-type silicon 
,5 TO 1,5 ohm/ CM RESISTI VITY WITH ONE SIDE 
POLISHED AND THE OTHER SIDE ETCHED, 

After apllying the ink on both sides of the wafer 

THE SAMPLES WERE AIR~>DRIED AND ORGANIC MATERIALS 
BURNED OUT IN A SMALL CERAMIC MUFFLE KILN 

(21cm X 16cm X 23cm) on a quartz boat. 

The aim of the first runs was to duplicate the 
CYCLE previously ESTABLISHED ON THE GRAPHITE 
STRIPHEATER IN THE EXPERIMENTAL STATION, 














It has beeh found that in a^l cases the reduction 

OF HoO^ TO BLUE TOOK PLACE WITHIN THE DETER^ 

HI NED TEMPERATURE RANCE, I»E, BETWEEN 550° 0 AND 
650° 0 TEMPERATURE RANGE, PUT IN CONTRAST WITH 
THE REACTION OBSERVED ON THE STRIPHEaTER, WHERE 
THE METALLIC TIN FORMED AT 800° G, THE TIN FORMA^ 
TION IN THE TUBS FURNACE TOOK PLACE SUORTLI AFTER 
THE CONVERSION OF HoO;^ INTO Ifo02» 

This was confirmed by a run of NoO^ coating 

ALONE, DURING WHICH CONDUCTI VE Mo FILM WAS OBTAINED 
BETWEEN 550^0 AND 650° G IN 5 MINUTES* 

The Ho:Sn lawyer formed at lower temperatures had 

A GOOD SOLDBRABILITY AND IN SOME CASES A GOOD 
BOND* 

It remained to be determined whether it was 

IMPORTANT TO CONDUCT THE HEATING CYCLE IN SUCH .-1 
WAY TO ESTABLISH IF THE TOTAL CONVERSION OF 
MoO^ INTO Mo WAS NECESSARY BEFORE THE TEMPERATURE 
WAS RAISED TO 600^0, 

11,5 Evaluation of Mo:Sn contact* 

The contact formed from a screenasle mixture of 
78% 3n : 22% MoO^ was evaluated for mechanical as 

WELL AS ELECTRICAL CHARACTERISTICS, 

The pattern was screened through 200 mesh silk 












SCREBfrS OAT DIFFUSED P Off // 3 ID ICO ff SOLAR CELL 
STRUCTURES , 

After scRSEfriffc, the test s >./ fpz » s’s f^SRE dried and 

ORGANIC liATERlAL BURNED OFF IN A CERA/fIC NUFFLS 
FURNACE, 

The first experiments were done with a prb^heat 

AT 560^0 FOR 5 MINUTES AND A SOAK AT BOO^G PEAK 
FOR 1 MINUTE, 

The atmosphere was 60% Nitrogen and 40% Hydrogen, 
(forming gas, purchased from Amweld Inc,) 

The contact had a good adherence, tested by the 

X~>ACT0 KNIFE AND HAD A GOOD SOLDERABILITY, 

The VOLTAGE-CURRENT CHARACTERISTICS DETERMINED 
ON A X-Y PLOTTER SHOWED A STRAIGHT LINE BETWEEN 
THE Voc and Isc values. 

There was no degradation in short circuit current nor 

IN OPEN CIRCUIT VOLTAGE VALUES, INDICATING THAT 
THE CONTACT WAS OHMIC, BUT WITH A HIGH RESISTANCE 

(Above 10 Ohms), 

In order to establish the effect of the peak tempe~ 

RATURE ON THIS HIGH SERIES RESISTANCE VALUE, OTHER 
SAMPLES WERE RUN WITH THE SAME PRE~HEaT CYCLE OF 
560^0, BUT WITH PEAK TEMPERATURES OF 700° C AND 
900° G RESPECTIVELY, 






The results showed that the samples fired at 700^0 
HAD same slope as the samples at 600^0, WHILE 
THE SAMPLE FIRED AT 900^0 WAS DEGRADED IM OPEM 
CIRCUIT VOLTAGE, (FloA) * 

In order to determine whether this degradation was 

CAUSED BY THE ACTION OF THE METALLIC CONTACT OR 
BY THE TEMPERATURE ALONE, NON-METALLTZED CELLS 
WERE SUBJECTED TO THE SAME CYCLE, 

The results of this test showed also degradation 

IN OPEN CIRCUIT VOLTAGE, SUGGESTING THAT THE 
DEGRADATION WAS CAUSED BY THE HEAT CYCLE ALONE, 

II, 4- Improvement of the contact series resistance. 

In order to explain the reason for the high 
SERIES resistance No/Sn~St contact, references 

WERE SEARCHED RELATING TO STUDIES OF Mo-Sl INTERFACE 
AND NATURE OF THE CONTACT, 

An article published by R,G, Hooper, J,A, Cunningham 
AND J,G, Harper in Solid State Electronics, Vol, 8, 
pp 831-833 (1965), lists contact resistance values 

OF Ho AND other METALS EVAPORATED ON Si OF VARIOUS 
RESISTIVITIES, 

According to this study the contact resistance of 

Ho TO P-TYPE Si with RESISTI VITIES OF 0,002 anb 

0,1 ohm/cm is 4r,4 X 10’'^ OHm/cM^ AND 1,1 X 10"^ 
ohm/cm^ respectively, 
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CONTACTS 
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i 

j 

The cohtact nssisTAtrcE of Mo to 0,5 ohm /cm P-typb 
Si is 9,4 X 10"^ ohm/om^. 

For M-type Si of 0,005 ohm/cm the cohtact resistahce 
IS 7,8 X 10'^ ohm/cm^, for 0,01 ohm /cm 6,1 x 10”^ 
ohm/cm^, for 0,05 OHM /cm 8,0 ohm/cm^ anr for 
0,5 ohm/ CM 26 ohm/cm^, 

SiHCE THE STARTIlfC SlblCOH CRYSTAL USED IN OUR 
SOLAR CELL STRUCTURE IS N‘TYPE OF A RESISTIVITY 
RANGE BETWEEN 0,3 -0,7 OHM/cM, THE HIGH RESISTANCE 
OF THE Mo CONTACT COULD BE EXPLAINED BY THE RE- 
FERENCED DA TA , 

Another article published by Bower and 

J,<^, Mayer in Appl, Phys, Lett,, Vol,20 - Mo, 9 
(May 1972) pp, 359-361 ^ is concerned with the 

FORMATION OF METAL SILICIDES, SPECIFICALLY Pd, Ti, 

Gr and Mo, 

According to the authors, the growth rate of PogSi 
AND TlSl^ varies linearly and at THE SqUARE ROOT 

iU 

OF TIME, WHILE GrSi g AND MoSi g GROW LINEARLY 
WITH TIME, 

The first case suggested diffusion limited rate 
GROWTH mechanism, WHILE THE SECOND CASE CORRESPON- . 

' ***'*" s 

DED TO REACTION- LIMITED RATE GROWTH, 

The FORMATION DEPTH OF PD ,Tl SILICIDES IS THERE- 

1 0 

i * ■ 

“ - -- -- — 


I 

rORE EASIER TO CCHTROL THAE TEE DEPTH OF Gr AND 
Mo SILICIDES* 

VhXDE the presence of an OXIDE FILH ON Si surface 
INHIBITS THE FORMATION OF Pd, Gr AND Mo SILICIDES, 
IT HAS NO DETECTABLE EFFECT FOR THE Sl^-Tl SrS- 
TEM AND THE ^^Sl ^ FORMS AT RELATIVELY LOUT TEMPER’- 
ATURE ( 600^0). 

Based on these references, experiments were per^ 

FORMED TO DETERMINE THE SIONIFICANCE AND THE EF- 
FECT or TITANIUM SILICIDES ON THE VALUE OF CON- 
TACT RESISTANCE, 

As THE SOURCE OF TITANIUM, TITANIUM RES I NATE WAS 
USED, PRODUCED BY ENGELHARD , INDUSTRIES DiV,, 

Beware, B, J, 

This organo metallic compound contains ^.3% solids 

AS TITANIUM AND IS IN A SOLUTION FORM l-miCH IS 
COMPATIBLE WITH THE SOLVENTS PRESENT IN THE INK, 

One EYEDROP OF THE RESINATE SOLUTION CORRESPONDING 
TO APPROX, 0,0013 G OF TITANIUM WAS ADDED TO 
30 a OF INK, 

The ratio of added titanium to this mix2^ure corres- 
ponded then to approx, 1 PART OF Tl TO 15000-16000 
PARTS OF MoOj/Sn solid MIXTURE, 

The experiments of the ink firing described for the 
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STANUAB.D Mo:Slf MIXTURE WERE DUPLICATED WITH THE INK 
MODIFIED BY THE TITAttIUM, 

The results showed a fery distihct effect oh 7^1 

« 

CHARACTERISTICS . 

The series resistahce had a falus of approx, 1 Ohm 

AT A CYCLE COHSISTIHC OF A PRE’^HSAT AT 560^0 FOR 
3 MI MUTES, 620^0 FOR 3 MINUTES AND A SOAK AT 800^0 
FOR 1 MINUTE, 

Similar falues of the series resistance were also 
OBTAINED BY HEATING AT 560^0 FOR 9 MINUTES , (fxG » llo ,l) 
The BONDS off samples fired at 560^0 were weaker than 

THE BONDS OBTAINED AT 800° G, 
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11,5 OpTiMXziffG Tfre firing cycle for thf Ho:Sif ink 
MODIFIEO SY Tl, 

The oaiTECTi ye of this task was to determine the 

EFFECT of YARIOUS FIRING CYCLES ON THE COMBINED 
quality of mechanical ADHESION, S OLDERABI L ITY AND 
ELECTRICAL PERFORMANCE OF SOLAR CELLS METALLIZED 
WITH PIo:Sn ink MODIFIED BY Tl , 

Three firing cycles were employed for e yalhation 
aJ 560^0 - 20 MINUTES AND QUENCH 

b) 560^0 - 3 MINUTES, 520^0 - 3 minutes, 600^0 - 
1 MINUTE AND QUENCH 

c) 560^0 " 10 MINUTES, 700^0 - 1 minute and 

QUENCH, 

All cycles were donf in a forming gas atmosphere 

CONSISTING OF 60% N AND 4rO%> H AT A FLOW RATE OF 

3L/min, 


The adhesion was determined by scratch tests 

(X-ACTO) AND PULL TESTS WITH SOLDERED LEADS, 

The lead attachment was also a measure of 
SOLDERABILITY, 

The electrical characteristics were evaluated 

BY THE SHAPE OF V-I CUR YES, 

The quality of mechanical properties ( adhesion 
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AlfD SOr0DERAalT4lTY ) COlfFIRMED RESULTS OF TESTS 
PREVIOUSLY PERFORJtED WITS Mo:SfT INF WITJTOUT 
TX ADDED t Z,E* THE BOUD VAS WEAKER WITH THE 
FIRIHU CYCLE AT 560^0 THAH AT CYCLES WITH 700^0 
AHD 800° C PEAK TEHPERATURSS » 

The solderability was also better for layers 

FORKED AT HXOHER TEKPBRATURES , 

Electrical characteristics of solar cells 

KETALLIZED AT THE STATED FIRIHC CYCLES WERE OH 
THE OTHER HAKD SIONIFICAHTLY BETTER AT THE 
LOW TEKPERATURE FIRIHC CYCLE 

IV OR’iER TO ESTABLISH WHETHER. THIS CHARACTER 
RIS7IC WAS A RESULT OF THE PEAK TEKPERATURE 
OF W'HE FJRIHO CYCLE OtfLY OR OF ADDITXOHAL 
REALTIOHS TAKIHG PLACE DURIHC LOW TEKPERATURE 
AHFEALIHO process, the cells KETALLIZED AT 
H'..CKER TEKPERATURES WERE HEAT TREATED AT LOW 
TEKPERA TURE' AFTERWARDS » 

The result obtazhed frok this test established 

THAT THE /-I CHARACTER.ISTZCS IKPR0 7ED TO THE 
QUALITY OF THE CELLS KETALLIZED A.T LOW TEK- 
PERATURE ONLY, ( FlO, % ) 

Frok these results other sets of szperikents 

WERE PLANNED TO DETERHINE WHETHER THIS HEAT 
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TRSJLTnENT CAH BE OOVE AS A PART OF THE FIRIHQ 


CYOLE OR mrST BE PERFORHED AS A POST HEAT TRFAT~‘ 
JiEHT STEP, Also it hecessary to determine 
WHETHER 550'* C IS THE OPTIHOH HEAT TRSATHEHT 
TSHPERATURE OR WHETHER THE TREATHEHT HAD ANOTHER 
PEAE, 

The results obtaihed froh these tests poihted 

OUT THAT THE HEAT TREATHEHT CAH BE IHCORPORA-- 
TED IV THE FIRIHO CYCLE AND THE OPTIHUH EFFECT 
LIED AT 4r50°G FOR 15 HINUTES. ( FlO, III) 

11,6 OOHPARISON OF HoiSn CONTACT WITH NICKEL PLATED AND 
SILVER PLATED CONTACT, 

Nickel plated cells used for the comparative tests 

WERE PRODUCTS OF THREE MANUFACTURERS , 

The SCREENED SILVER CELLS WERE, FROM ANOTHER SOURCE 


The mechanical contact of the Ifo:SN cells was 

E^UAL to the BEST NICKEL PLATED CONTACT AND 
SUPERIOR TO THE SCREENED SILVER CONTACT, 

Actually the silver screened contact was in-- 

FERIOR SINCE THE PATTERN AS WELL AS THE BACK 
METALLISATION COULD BE PEELED OFF WITHOUT ANY 
EFFORT, 
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ELECVRIOAti CHARACTERISTICS DISPLAYED BY THE 


F-J CURVES IS SHOWH Iff FiC, 

/ 

It WAS COfiPARABLE WITH THE CHARACTERISTICS OF 
OTHER IfETALLIZATIOH^ OULY Iff CASES WHEff THE 
TEST SAftPLES WERE SCRIBED TO SIZE, THE SHUNT 
RESISTANCE AND SERIES RESISTANCE SHOWED SOME 
DEORADATION CAUSED BY THE HECHANICAL DAMACS» 

Generally the series resistance of all cells 
TESTED WAS 1 Si I H AYERACS, 
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ril. GOIiGLUSIOlU- 


ExpERXHEI^TAL UORK COHPLETBD Iff THE SSCOffD QUARTER 
RESUIjTED Ilf THE FOLLO'x/IHa COHCLUSTOHS : 

1, MSTAlhIC COATIHGS FROM MoO^^fSlf SORSBHABLE IHK I 

ARE OBTAIVED IH A HORIZOHTAL TUBE FURffACE AT 

560^0, IH FORMIHG OAS ATMOSPHERE (60% N- 40% H) 

IH 5 MIHUTES<, 

2, The cohtacts of the Mo:Sh sistem to P oh N struc- 
tured SOLAR CELLS ARE OHMIC^ BUT HAVE A HICH SERIES | 
RESISTAHCE ( APPROX, 10 OhMs) , 

This high series resistahce is i mpro ved by ah 

ADDITIOH OF TITAHIUM RESIHATE TO THE BASIC IHK { 

d 

5 

t 

COMPOSITIOH, WHICH CAH BE ATTRIBUTED TO A FORMA- 

i 

TIOH OF T1S2 OF HIGH COHDUCTIVITY VALUE AT THE i 

? 

Si metal ihterface, \ 

\ 

i 

1; 

\ 

a 

I 

I 

F; 

i 

i.i 

J; 
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p rojected work for the next quarter 


The work to be pbrporhed in the hex quarter will 

BE COHCERHBD WITH THE FOLLOWIHG TASKS, 

1. APPltlCATIOH AHD EPALUATIOH OF THE COHTACT 
APPLIED OH N OH P STRUCTURED SOLAR CELLS PRO- 
FI DED BY JPL, 

2, EvALUATIOH of the hew HETALLIZATIOH PROCESS BY 
EHVIROHHEHTAL TESTS, 

•5. Fihalizihg> the process IH a WRITTEH report 


IHCLUDIHG PROCESS SPECIFICATTOHS , 


coNTfiACTMy: 9ss3/e PROGRAM PLAN 













’V. 


m TF.GHHOLOGY 


NeU processes have hot BEEH SUFFICJEtfTLr DEVELOPED 
TO BE REPORTED AS HEV TECHHOLOGY, All HE'^ DEVELOPMEHTS 
WILL BE SPECIFIED AT COtlPLETIOH OF THS COHTRACT. 


